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ABSTRACT: Self-cleaning surfaces allow the reversible
attachment and detachment of microorganisms which show
great promise in regards to their reusability as smart
biomaterials. However, a widely used biomaterial such as
polydimethylsiloxane (PDMS) suﬀers from high biofouling
activity and hydrophobic recovery that results in decreased
eﬃciency and stability. A current challenge is to modify and
fabricate self-cleaning PDMS surfaces by incorporating
antifouling and pH-sensitive properties. To address this, we
synthesized a zwitterionic and pH-sensitive random poly-
(glycidyl methacrylate-co-sulfobetaine methacrylate-co-2-
(dimethylamino)ethyl methacrylate) polymer, poly(GMA-co-
SBMA-co-DMAEMA). In this work, chemical modiﬁcation of
PDMS was done by grafting onto poly(GMA-co-SBMA-co-DMAEMA) after surface activation via UV and ozone for 90 min to
ensure the formation of covalent bonds necessary for stable grafting. The PDMS grafted with G20-S40-D40 exhibit antifouling
and pH-sensitive properties by mitigating ﬁbrinogen adsorption, blood cell adhesion, and releasing 98% adhered E. coli bacteria
after immersion at basic pH. The grafting of poly(GMA-co-SBMA-co-DMAEMA) presented in this work shows attractive
potential for biomedical and industrial applications as a simple, smart, and eﬀective method for the modiﬁcation of PDMS
interfaces.
■ INTRODUCTION
Polydimethylsiloxane (PDMS) is a desirable biomaterial for its
biocompatibility, optical transparency, ease of fabrication and
low cost.1 However, PDMS suﬀers from high biofouling of
nonspeciﬁc adsorption of cells, proteins, and microorganisms
which is attributed to its low wettability and hydrophobicity,
thus posing a problem in terms of device eﬃcacy and safety.2,3
Biofouling or fouling is the nonspeciﬁc adsorption of proteins,
cells, and microorganism onto the material surface.4−6 The
uncontrolled adhesion of biological compounds on the surface
of implant materials is a harmful phenomenon that causes the
function of biomedical devices to deteriorate. For example,
fouling can block the material surface of contact lenses,7−9
surface plasmon resonance(SPR) sensors,10,11 or prevent the
release of drugs from MEMS-based devices.12−14
Low fouling can be achieved by chemically modifying the
surface via coating of hydrophilic materials like poly(ethylene
glycol) (PEG) systems or zwitterionic polymers. However,
PEGylated systems suﬀer from chemical instability in complex
media,15 unlike zwitterionic polymers. By deﬁnition, zwitter-
ionic polymers have a net charge of zero with equimolar
amounts of cationic and anionic groups in their polymer
chain.16 A famous zwitterionic polymer is phosphorylcholine
(PC) in which the zwitterion is formed by the association of a
phosphate anion and a quaternary ammonium cation. In
particular, the methacrylate phosphorylcholine (MPC) is
among the most popular PC derivatives, and its synthesis in
1990opened the door to countless antifouling, hemocompat-
ible and biocompatible surface designs.17 The main disadvant-
age of methacrylate phosphorylcholine (MPC) polymers is
their complex synthetic route and low yield. Another
zwitterionic polymer, poly(sulfobetaine methacrylate)
(PSBMA) has become popular when grafted to surfaces
because it reduces fouling of plasma proteins and blood
cells.18,19 In addition, SBMA has been shown to be easily
synthesized with a controlled chain length, and its synthesis led
to higher yields, compared to zwitterionic MPCs. Also, thanks
to its ease of production, applicability and bioinert nature
attributed to the formation of a strong hydration layer, PSBMA
and its derivatives have become ﬁrst choice materials in the
design of antifouling surfaces.20,21 Generally, low fouling can
be achieved by using grafting to approach to chemically modify
the surface via coating of hydrophilic materials. The grafting
consists of a reactive chain end on the substrate followed by
chemisorption of the copolymer to produce a stable
zwitterionic surface.22
Despite the beneﬁcial use of zwitterionic polymers in
preventing fouling, incorporating these polymers for biosensors
with bacterial detection and monitoring functions such as in
microﬂuidic single-cell analysis is not applicable because
contact with the surface material is necessary for analysis of
bacteria culture.23−25 Single-cell analysis is an interesting ﬁeld
as it holds potential in studying the intrinsic behavior of
microorganisms like Escherichia coli.26 Therefore, the concen-
tration of microorganisms such as bacteria on the sensor
surface should be regulated to prevent fouling and to maximize
the reusability of the sensor. A promising approach for this is
to use self-cleaning property by switching from bacteria-
adhering to bacteria-releasing surface by taking advantage of
the change in surface morphology and hydrophilicity.27−29
Self-cleaning surfaces exploit the dynamics of drop formation
and wetting to maximize the removal of foulants when doused
with an aqueous solvent.30,31
This study aims to design a self-cleaning PDMS surface. It
involves the introduction of a copolymer made of anchoring
glycidyl methacrylate (GMA) segments, antifouling sulfobe-
taine methacrylate (SBMA) segments, and pH-responsive 2-
(dimethylamino)ethyl methacrylate (DMAEMA) segments,
poly(GMA-co-SBMA-co-DMAEMA). Functionalization with
DMAEMA moieties can permit one to obtain a self-cleaning
surface exhibiting reversible attachment and release of bacteria
from the material surface after changes in pH.32,33 In addition,
to ensure successful cross-linking of the design polymer onto
the PDMS surface, the use of epoxide functional groups
(GMA) which opening is catalyzed by a basic agent (ring-
opening reaction), leads to the formation of covalent bonds
with the material surface.34 Our polymer, containing cross-
linking units, antifouling units, and stimuli-responsive units,
grafted onto a PDMS surface leads to the formation of a self-
cleaning interface that could be applied in biosensors for
bacterial monitoring and detection.
■ EXPERIMENTAL SECTION
Materials. Sulfobetaine methacrylate (SBMA) was purchased from
HOPAX. Glycidyl methacrylate (GMA), 2-(dimethylamino)ethyl
methacrylate (DMAEMA), azobis(isobutyronitrile) (AIBN), and
triethylamine (TEA) were purchased from Sigma-Aldrich. Human
plasma ﬁbrinogen (fraction I), primary monoclonal antibody, and
secondary monoclonal antibody were purchased from Sigma
Chemical Co. US. Deionized water (DI water) was puriﬁed using
the Millipore water puriﬁcation system with a minimum resistivity of
18.0 MΩ·cm. Lastly, the substrate used was Sylgard 184 PDMS which
was purchased from Dow Corning with components supplied in two
parts, the Sylgard 184A prepolymer and Sylgard 184B curing agent.
Table 1. Theoretical and Actual Compositions of the Copolymers and Their Particle Size
composition in feed (mol %)a composition in polymer (mol %)b
sample ID GMA SBMA DMAEMA GMA SBMA DMAEMA yield (%) particle size (nm)
G20-D80 20 80 21 79 69.4 193.7
G20-S25-D55 20 25 55 17 25 58 58.2 192.4
G20-S40-D40 20 40 40 17 41 42 61.9 409.6
G20-S55-D25 20 55 25 17 58 25 62.8 134.2
G20-S80 20 80 23 77 75.6 <10
aTheoretical mole fraction of reacted monomers for copolymer synthesis. bMole fraction of copolymers were determined by 1H NMR.
Scheme 1a
a(a) Reaction scheme for the random copolymerization of copolymer poly(GMA-co-SBMA-co-DMAEMA) and (b) grafting of poly(GMA-co-
SBMA-co-DMAEMA) on PDMS.
Synthesis and Chemical Characterization of Poly(GMA-co-
SBMA-co-DMAEMA) Copolymers. Diﬀerent polymer solutions of
poly(GMA-co-SBMA-co-DMAEMA) with a solid content of 20% (w/
w) were prepared with methanol and water with a volume ratio of 3:1.
The solutions were purged with N2 gas and stirred for the next 10
min. To start the free radical polymerization process, the initiator
AIBN was added and dissolved for another 10 min, then heated for 6
h at 60 °C with constant stirring. The puriﬁcation of the polymer was
carried out by addition of IPA and the precipitate obtained was freeze-
dried for 48 h. For the controls, antifouling zwitterionic poly(GMA-
co-SBMA) and pH-responsive poly(GMA-co-DMAEMA) were also
synthesized using the same methods stated above. The chemical
structure and composition of the copolymers and controls are
presented in Table 1 and Scheme 1, respectively. Furthermore, the
chemical structure of the poly(GMA-co-SBMA-co-DMAEMA) co-
polymer was characterized by 1H NMR spectra with a 500 MHz
Bruker spectrometer using D-methanol as the solvent. Finally,
although visually transparent solutions were obtained, indicating
apparent solubility of the poly(GMA-co-SBMA-co-DMAEMA)
copolymers in aqueous solvents, characteristic particle sizes remained
too large to assess molecular weights. Thus, we only report in Table 1
particle sizes of the diﬀerent copolymers assessed with a dynamic light
scattering instrument (DelsaTM Nano S, Beckman Coulter).
Preparation and Surface Characterization of Self-As-
sembled Poly(GMA-co-SBMA-co-DMAEMA) Interfaces via
Grafting to Method. A 10:1 ratio of Sylgard 184A/Sylgard 184B
mixture was prepared and stirred in a small beaker using a glass rod.
The trapped bubbles were removed by ultrasonication for 30 min.
Then, the mixture was cast into a clean ﬂat glass Petri dish and cured
for 24 h at room temperature. The cured substrates (≈3 mm thick)
were cut into circles with a diameter of 10 mm. Finally, the substrates
were dried with N2 gas and stored in vacuum containers to avoid
possible contamination.
The optimized pretreatment time and coating concentration for the
surface activation of PDMS substrates using ultraviolet (UV) light
ozone cleaner was determined by verifying the change in the
hydrophilicity of the virgin PDMS surface when at a source power of
110 W with the help of a contact angle goniometer (Automatic
Contact Angle Meter, model CA-VP, Kyowa Interface Science Co.,
Ltd., Japan). Enzyme-linked immunosorbent assay (ELISA) was also
used to evaluate the surface fouling of the modiﬁed PDMS samples.
The step-by-step procedure for ELISA is deﬁned on the next section.
Next, the treated substrates were immersed into diﬀerent concen-
trations of aqueous poly(GMA-co-SBMA-co-DMAEMA) copolymer
solution for 1 h by ultrasonication. In addition, 50 μL of triethylamine
(TEA) was mixed into the coating solution and placed in an oven at
60 °C for 15 h. Finally, the grafted substrates were washed three times
in DI water and immersed in phosphate buﬀered solution (PBS) and
stored in an oven at 37 °C.
In addition, the chemical composition of surface modiﬁed PDMS
membranes was determined with ATR-FTIR spectrophotometry
(Bruker Tensor 27 FTIR) with ZnSe as reﬂection element. Each
spectrum was captured by averaging 30 scans at a resolution of 4
cm−1. Also, X-ray photoelectron spectroscopy measurements were
conducted using a Thermo K-Alpha XPS System equipped with a
monochromated Al Kα X-ray source (1,486.6 eV photons) to
determine the elemental analysis of the grafted substrate in which the
energy of the emitted electrons was measured at a range of 50−150
eV. Finally, zeta potential of the modiﬁed PDMS was measured by
SurPASSTM electrokinetic analyzer. The PDMS samples having an
area of 10 × 20 mm2 were adjusted to the measuring cell wherein
electrolytes with 0.1 M concentration each of KCl, KH2PO4, and
NaHCO3 were added. The pH was adjusted using 0.1 M of HCl and
0.1 M NaOH to measure streaming potential in diﬀerent pH.
Fibrinogen Adsorption and Surface Wettability. ELISA was
used to evaluate the adsorption of human ﬁbrinogen onto the grafted
substrates according to the protocol earlier reported and reminded
here.35 The grafted substrates were prepared in triplicates and
immersed in individual wells with 1000 μL of PBS at 37 °C overnight
to guarantee their stabilization. Next, the substrates were immersed in
1000 μL of ﬁbrinogen solution at 37 °C for another hour and were
rinsed in PBS solution thrice. Using the same parameters, bovine
serum albumin (BSA), followed by primary monoclonal antibody, and
again by addition of BSA, and ﬁnally horseradish peroxidase-
conjugated secondary monoclonal antibody were added separately
in series and allowed to react with the grafted substrates for 1 h and
washed with PBS thrice. To ensure that the substrates were clean, the
membranes were washed ﬁve times with PBS and transferred into
clean wells before incubating with 500 μL of 3,3′,5,5′-tetramethyl-
benzidine chromogen 0.05 wt % Tween 20, and 0.05 wt % hydrogen
peroxide (TMB), for 8 min at 37 °C. To stop the enzymatic color
reaction, 500 μL of 0.1 M sulfuric acid were added and the
absorbance recorded at 450 nm using a UV−vis spectrophotometer
(Power- Wave XS, BioteK). The positive and negative controls used
were the SBMA hydrogel and tissue culture polystyrene (TCPS) well
plate.
In addition, the surface wettability was assessed by measuring the
average water contact angle in air of the samples at three diﬀerent sites
on the sample surface using an angle-meter (Automatic Contact Angle
Meter, model CA-VP, Kyowa Interface Science Co., Ltd., Japan).
Blood Cells Adhesion. The hemocompatibility of the polymer
grafted onto PDMS surface was determined using blood cell adhesion
experiment wherein fresh blood samples were obtained from a pool of
healthy volunteers. Blood coagulation was prevented by addition of
ethylenediaminetetraacetic acid (EDTA). First, 1 mL of PBS was
added to the grafted substrates overnight at 37 °C to promote
stabilization. Next, the platelet-rich plasma (PRP) was obtained using
a centrifuge set at 1200 rpm for 10 min. PRP was recalciﬁed by
addition of 5 μL of 1 M CaCl2 followed by washing with PBS. Finally,
immersion of substrates into 2.5% glutaraldehyde in PBS solution
enabled the immobilization of the activated PRP onto the substrate.
The red blood cells concentrate (RBC) was obtained by the
centrifugation of 250 mL fresh whole blood at 1200 rpm for 10 min.
Stabilization of the wells were achieved by the addition of 1 mL of
PBS for 24 h at 37 °C. Afterward, the substrates together with the
RBC concentrates were placed in the wells and incubated for 120 min
at 37 °C. In order to immobilize the cells onto the substrates, the
substrates were washed with PBS twice and immersed in 300 μL of
2.5% glutaraldehyde in PBS solution for 10 h at 4 °C.
The adhesion of whole blood was studied similarly, by incubating
the substrate in whole blood for 2 h at 37 °C. 2.5% glutaraldehyde in
PBS solution was added for immobilization of cells on the surface.
For the analysis of blood cell adhesion, the substrates were
observed at three various sites using a confocal laser scanning
microscope (CLSM) (NIKON CLSM A1R) operated at a 200×
magniﬁcation. The quantitative results were assessed using ImageJ cell
counting software by taking the average results from three diﬀerent
areas for each condition.
Bacterial Attachment and Detachment at Diﬀerent pH. To
verify the self-cleaning property of poly(GMA-co-SBMA-co-DMAE-
MA) brushes upon pH changes, bacterial attachment and detachment
of bacteria were investigated using the optimum ratio of the polymer
that exhibits excellent antifouling property in terms of low relative
ﬁbrinogen adsorption, hydrophilic property as shown by its low water
contact, and low blood cell component adhesion. It should also
exhibit pH-responsive properties owing to changes in swelling ratio
and varying bacterial cell density in acidic or basic conditions. A
medium containing 3.0 mg/mL beef extract and 5.0 mg/mL peptone
was used to culture the bacteria. The culture medium was then
incubated at 37 °C and was shaken at 100 rpm for 12 h. The grafted
substrates were immersed in pH 1.65 for 2 h at 37 °C. Then, 1 mL of
bacterial solution was added to each well. The solution was removed
after 1 h, and each sample was washed with their respective pH
buﬀers for 3 times to remove any unattached bacteria. The substrates
were observed using confocal laser scanning microscopy (CLSM)
(NIKON CLSM A1R) with images taken at three diﬀerent sites. After
that, the grafted substrates were immersed in pH 7.35 for 30 min at 37
°C to observe any detached bacteria from the surface using CLSM.
Lastly, the same substrates were washed with pH 10 buﬀer for three
times and observed under the microscope. Because the charge-reversal
property was the main aspect of this procedure, the pH-responsive
G20-D80 was added as a control to monitor the pH dependence of
poly(GMA-co-SBMA-co-DMAEMA). The quantitative results for the
adhered and detached bacteria were determined using ImageJ cell
counting software.
Surface Wettability and Morphology at Diﬀerent pH. To
assess the surface wettability of the grafted substrates at diﬀerent pH,
alternating water contact angles were measured at room temperature
using a contact angle meter (Contact Angle DataPhysics OCA 20).
First, the virgin and grafted PDMS substrates were immersed at pH
7.35 for 2 h. The substrates were dried with N2 gas, and the water
contact angle measured. The substrates were then dried with N2 gas
and immersed at pH 1.65 for 2h. The substrates were then dried and
their water contact angle measured. This tests was also carried out
with pH 10 and pH 7.35 solutions. The alternating contact angle
values were determined for 9 cycles. To determine the water contact
angles from acidic to basic conditions, pH 7.35 was used as a starting
pH between transitioning from pH 1.65 to 10.
The surface morphology of the surfaces was determined using an
atomic force microscope (JPK NanoWizard3 Bioscience AFM with
Zeiss AxioObserver RX) at room temperature. The grafted substrates
were ﬁrst immersed in pH 1.65 and 10 for 2 h at 37 °C. A triangular-
shaped Si cantilever with commercial tips (Olympus Co., Ltd.) of
about 320 kHz resonance frequency from JPK was used to acquire the
images in noncontact mode. The normal spring constant of the
cantilever was 0.02 N/m. The force between the tip and the sample
was 0.87 nN.
■ RESULTS AND DISCUSSION
Synthesis and Chemical Characterization of Poly-
(GMA-co-SBMA-co-DMAEMA) Copolymers. The experi-
mental molar ratio obtained from 1H NMR spectra are
summarized in Table 1 while Figure 1. displays the peaks
corresponding to the chemical structure of the poly(GMA-co-
SBMA-co-DMAEMA) copolymer as well as those of GMA,
SBMA and DMAEMA monomers. The two small peaks at 2.55
and 2.75 ppm signify the presence of the epoxy side groups of
the GMA segment while peak signals corresponding to methyl
protons (CH3)2N
+ of SBMA units (δ = 3.33 ppm) and
−N(CH3)2 of the DMAEMA units (δ = 2.28 ppm) were also
identiﬁed on the spectrum of the copolymer. Therefore, we
could conﬁrm from the 1H NMR characterization that the
copolymer synthesized contained the three diﬀerent units,
GMA, SBMA and DMAEMA. Notice also that small peaks
could be seen on the spectrum of poly(GMA-co-SBMA-co-
DMAEMA) at δ ranging between 1 and 2 ppm, probably
attributed to partial ring opening of epoxy groups of GMA
units, or to remaining impurities. In Table 1, the theoretical
and experimental molar ratio of the poly(GMA-co-SBMA-co-
DMAEMA) copolymers were also calculated according to
these peaks. It was found that the actual composition of the
copolymers corresponded fairly well to their theoretical
compositions. It indicates that the copolymerization reaction
was well controlled and that the monomers had a similar
reactivity during the synthesis.
Optimization of the Grafting Onto Procedure. Since
PDMS surface is composed of unreactive siloxane bonds,
activation of the surface is needed to generate anchoring
functional groups such as hydroxyl groups. Surface hydrox-
ylation can be done by UV/ozone. However, the UV/ozone
process time needed to be optimized. In this respect, we
studied the eﬀect of the treatment time on the water contact
angle in air of the activated surfaces, because UV/ozone arises
in the formation of hydroxyl bonds, expected to enhance the
surface hydrophilicity of the materials. Figure 2a shows that a
treatment time of 30−35 min permitted to decrease the WCA
from 112° (untreated PDMS) to 100°, but further increasing
Figure 1. 1H NMR spectrum of GMA, SBMA, and DMAEMA monomers, and poly(GMA-co-SBMA-co-DMAEMA) copolymer. The solvent was d-
chloroform except for SBMA monomer for which D2O was used.
the time to 40 min led to a drastic reduction of the WCA, as it
was measured to be 50°. The WCA then continued to decrease
a little bit and remained in the same range as a plateau was
reached in the range 40°−45°, when increasing the time up to
60 min. Setting the UV/ozone treatment time to 45 min
guarantees the formation of hydroxyl bonds necessary to the
establishment of covalent bonds with the polymer. However,
using UV/ozone for a very long time can cause a change in the
mechanical strength of the PDMS substrate with a loss of its
elastic modulus,36 as well as it can alter its optical properties
and in particular its transparency.37 Based on these reported
observations and because increasing the treatment time to 50,
55, or 60 min did not permit improvement of the surface
hydrophilicity, 45 min was ﬁxed as the UV/ozone treatment
time for all experiments. One also has to note that no change
in mechanical/optical property was visually noticed for a 45
min treatment time.
Once the optimum pretreatment time determined, another
critical parameter that will later on determine the propensity of
the grafted copolymer to mitigate biofouling is the coating
concentration in the coating bath. In this respect, the eﬀect of
the concentration of poly(GMA-co-SBMA-co-DMAEMA) in
the coating solution on the surface hydrophilicity and
resistance to ﬁbrinogen adsorption was also observed, and
related results are reported in Figure 2b. Increasing the
concentration up to 7 mg/mL showed better resistance against
adsorbed proteins and an increase in the hydrophilic property,
compared to the virgin PDMS surface. A lower WCA,
compared to that of the virgin PDMS, does not guarantee
that the copolymer was successfully grafted onto the PDMS
surface since activated PDMS surfaces also presented a very
low WCA (Figure 2a), but the improved resistance to
ﬁbrinogen adsorption is a clear indication of the presence of
the SBMA segments necessary for antifouling resistance, even
though further chemical analyses are necessary. The formation
of hydroxyl groups on the PDMS surface alone could not lead
to better fouling mitigation, as it has been suggested from past
studies that ﬁbrinogen binds tightly to hydroxyl-grafted
surfaces.38 In general, we noticed that coating the copolymer
actually resulted in higher WCAs than measured after surface
activation. We hypothesized that the activation did not aﬀect
the surface structure that remained homogeneous and smooth,
while the coating led to local rugosities, aﬀecting the roughness
of the surfaces and as a consequence, their wettability. This will
be checked later in this manuscript. Then, increasing the
concentration resulted in an increase in hydrophobicity and in
surface fouling. This could be due to the deposition of
unreacted poly(GMA-co-SBMA-co-DMAEMA) on the surface,
or to the formation of multilayer coating as a random
copolymer was at play, which hindered the antifouling
properties of the modiﬁed PDMS.
Chemical Characterization of Poly(GMA-co-SBMA-co-
DMAEMA)-Grafted PDMS Surfaces. The surface chemistry
of grafted surfaces was analyzed by FT-IR and XPS, to conﬁrm
the presence of poly(GMA-co-SBMA-co-DMAEMA). The
FTIR spectra are presented in Figure 3a. The presence of an
intense band at 1720 cm−1, assigned to the O−CO ester
band, signiﬁes the presence of the copolymer as all three units,
SBMA, GMA and DMAEMA, possess this functional group.
The presence of PDMAEMA units is further veriﬁed from the
two adsorption peaks at 2840 and 2906 cm−1, associated with
the C−H stretch of the −N(CH3)2 group. Increasing
DMAEMA content in the copolymer results in higher
absorbance at these bands. Simultaneously, there is a decrease
of the −CH3 signal at 1262 cm−1 peak due to the oxidative
conversion of Si-CH3 after grafting.
However, the asymmetric and symmetric vibrations of the
sulfonyl group (−SO3−) of the SBMA segment that should
normally be found at ν = 1180 and 1020 cm−1 cannot be seen
due to the high transmittance of siloxane bonds present around
the same region at 1020−1100 cm−1.39 We acknowledge that
the presence of SBMA units cannot be ascertained from this
FT-IR analysis, but as we proved (i) that the copolymer
contained SBMA units (from Figure 1) and (ii) that the
copolymer was grafted from the presence of the CO stretch,
then it can be concluded that SBMA is present at the surface of
the PDMS grafted surfaces. Notice also that the results of
Figure 2b indicated the presence of SBMA units without which
a decrease in ﬁbrinogen adsorption could not have been found.
However, we pushed further the analysis and carried out XPS
tests.
In Figure 3b, the PDMS grafted with poly(GMA-co-SBMA-
co-DMAEMA) exhibited peaks at about 284.76, 286.26, and
288.56 eV which corresponds to the C−H, OC−O, and C−
O−C species in the C 1s core-level spectra, respectively. The
spectra obtained are all very similar for the three copolymers
tested because the three units (GMA, DMAEMA, and SBMA)
contain these functional groups. The presence of SBMA units
could be ascertained from the analysis of the N 1s core-level
Figure 2. Optimization of (a) UV/ozone pretreatment time and (b)
coating concentration of PDMS grafted with poly(GMA-co-SBMA-co-
DMAEMA) with copolymer ratio of G20-S40-D40 after 45 min UVO
pretreatment with TCPS and SBMA hydrogel as negative and positive
controls.
spectra. Indeed, a signal at 400.89 eV, corresponding to the
quaternary ammonium functional group, was clearly identiﬁed.
But DMAEMA also partially contributed to this signal.
Therefore, the S 2p core-level spectra were also determined.
A peak was present at BE = 169 eV, conﬁrming the presence of
SO and S−O species attributed to the SBMA segment.
In addition, the zeta potential of the grafted PDMS samples
was assessed at diﬀerent pH values. The results in Figure 4
reveal that the surface charge of virgin and grafted PDMS
changes from acidic to basic conditions. Virgin PDMS has an
overall negative zeta potential which might be due to the
preferential adhesion of negative anions from the electrolyte
solution over most of the pH range.40 Surprisingly, the zeta
potential of PDMS grafted with G20-S80 became negative in
pH 5.5. Theoretically, the overall charge of the SBMA segment
should be zero. But Guo et al. reported an overall negative
surface charge of PSBMA from pH 5 to 10. They explained
that the sulfonate groups acted as a strong acid (pKa = 2) while
the quaternary ammonium groups acted as a weak base (pKb =
5).41 This gives PSBMA an overall acidic nature with an
isoelectric point of 5.5, and so, it exhibits a slightly negative
surface charge in basic conditions. On the other hand, the
increasing of PDMAEMA content in the copolymer led to a
positive zeta potential at pH 3. It fell to 0 mV in neutral
conditions, close to the isoelectric point of PDMAEMA
Figure 3. (a) FTIR spectra and (b) XPS spectra of virgin and PDMS grafted with G20-S25-D55, G20-S40-D40, and G20-S55-D25 surfaces.
Figure 4. Zeta potential of virgin and PDMS grafted with diﬀerent
copolymer compositions of poly(GMA-co-SBMA-co-DMAEMA) and
poly(GMA-co-SBMA).
(7.4).32 Above pH 7.4, deprotonation of the tertiary amine of
PDMAEMA resulted to a negative zeta potential due to the
continuous absorption of negative ions onto the slipping plane
of the uncharged surface of the grafted PDMS.42 This change
from positive to negative zeta potential of grafted PDMS with
varying PDMAEMA and PSBMA segment might be able to
control the deposition and self-cleaning of cells onto
biosensors in cell analysis applications.
Eﬀect of the Copolymer Composition on the Grafted-
PDMS Surface Wettability and on Their Resistance to
Nonspeciﬁc Protein Adsorption. We presented in previous
section the optimization of the grafting process. But other than
the process conditions, the copolymer composition and
copolymer chain length are likely to inﬂuence the wettability
and the antifouling properties of the grafted surfaces.
Therefore, we grafted copolymers having diﬀerent composi-
tions and molecular weights onto PDMS surfaces, and
determined the water contact angle and the resistance to
ﬁbrinogen adsorption of the grafted surfaces. Figure 5 shows
the ﬁbrinogen adsorption with respect to the surface
Figure 5. Eﬀect of (a) diﬀerent copolymer compositions and (b) copolymer chain length on ﬁbrinogen adsorption and water contact angle of the
diﬀerent surfaces.
Figure 6. (a) CLSM image and (b) density of platelets, cells from whole blood, and erythrocytes on virgin and PDMS grafted with poly(GMA-co-
SBMA-co-DMAEMA) and poly(GMA-co-SBMA) copolymers.
hydrophilicity of the PDMS surface using 7 mg/mL as a ﬁxed
coating solution. In general, there is an increasing trend
wherein increasing the SBMA content in the polymer chain
decreases the protein adsorption and water contact angle on
the surface. It was found in Figure 5a that the surface grafted
with G20-S55-D25 permitted a decrease ﬁbrinogen adsorption
by 49%, compared with the virgin PDMS surface. Similarly, as
the SBMA content in the copolymer increased, the WCA was
found to keep on decreasing. Both results are clearly correlated
and numerous previous studies starring SBMA-based polymers
stressed on the importance of the formation of a tight
hydration layer for surfaces to resist ﬁbrinogen adsorp-
tion.41−43 Furthermore, G20-S25-D55 and G20-S40-D40
showed high amounts of protein adsorption compared to
G20-S55-D25. This might be due to the electrostatic
interaction of negatively charged ﬁbrinogen44 and positively
charged PDMAEMA segment which correlates with the
positive zeta potential of these copolymers in physiological
pH that drives the adsorption of protein onto the surface.
The present results highlight that some particular copolymer
compositions can seriously mitigate ﬁbrinogen adhesion, and
so may help at preventing events mediated by ﬁbrinogen
adsorption, such as thrombosis. In addition, Figure 5b shows
distinctive results whether a short (G10-S20-D20), intermedi-
ate-length (G20-S40-D40), or long (G40-S80-D80) copolymer
is used. In general, shorter (G10-S20-D20) and longer (G40-
S80-D80) copolymers showed increased ﬁbrinogen adsorption.
In the case of G10-S20-D20 copolymer, the antifouling SBMA
sequence is not long enough to ensure high coverage of the
surface. In the case of high molecular weight copolymer (G40-
S80-D80), (i) a decrease in chain ﬂexibility may have
ultimately compromised biofouling resistance, because not all
antifouling moieties could spread and participate in the
formation of the protective hydration layer at the interface
and (ii) the length of DMAEMA segment was too long, leading
to enhanced interactions with the protein.
Eﬀect of the Copolymer Composition on the
Hemocompatibility of the Grafted-PDMS Surfaces.
Plasma protein adsorption and blood cell adhesion experi-
ments aim at evaluating the hemocompatibility of the grafted
PDMS substrates. After studying the eﬀect of the copolymer
grafting on the surface resistance to ﬁbrinogen adsorption, we
moved onto the assessment of their resistance to red blood
cells, platelets and whole blood.
Figure 6 shows the CLSM confocal image and quantitative
adhesion data of virgin and grafted PDMS substrates with
poly(GMA-co-SBMA-co-DMAEMA) and poly(GMA-co-
SBMA). As expected, high amounts of adhered platelets,
cells from whole blood, and erythrocytes are observed on
virgin PDMS samples. The results also indicated that the
grafting of the copolymers led to a signiﬁcant reduction of
blood cells adhesion. In addition, the grafting with G20-S40-
D40 led to the best results. Even though G20-S55-D25
possesses a higher SBMA content, the surface grafted with this
copolymer did not perform as well in terms of resistance to
blood cells, which was unexpected considering the results of
Figure 5 and the generally observed positive correlation
between ﬁbrinogen adsorption and blood cell adhesion to a
surface.45,46 This might be due to diﬀerences in local chains
organization and charge distribution. The results of Figure 4
indicate that the G20-S40-D40-grafted PDMS surface is
neutral at pH 7.4 while the surface grafted with G20-S55-
D25 bears a net negative charge at pH 7.4 (−7.7 mV), and
previous research showed that blood cells had a higher
Figure 7. (a) CLSM image, attachment was performed at pH 1.65, and detachment at pH 7 and 10; (b) quantitative cell density; and (c)
percentage of released bacteria after immersing virgin and grafted PDMS in pH 10 solution for 3 min.
tendency to interact with negative surfaces than with a neutral
and hydrophilic one, despite their net negative charge.47
Eﬀect of the Copolymer Composition on the Attach-
ment/Detachment of Bacteria on/from the Grafted-
PDMS Surfaces: Evaluation of the Self-Cleaning Ability
of the Grafted Surfaces. To evaluate the self-cleaning
performance of poly(GMA-co-SBMA-co-DMAEMA), an ideal
polymer ratio that can both exhibit excellent fouling resistance
and pH dependency should be identiﬁed. From the above
results, poly(GMA-co-SBMA-co-DMAEMA) with 20% GMA,
40% SBMA and 40% DMAEMA referred to as G20-S40-D40
has shown to have excellent antifouling property. As it also
possesses a signiﬁcant amount of DMAEMA moieties, it
should also exhibit pH-sensitive properties essential to the self-
cleaning ability of the grafted surfaces.
In Figure 7a, bacterial attachment and detachment of virgin
and grafted PDMS are shown. Since the isoelectric point of E.
coli is about ∼1.5, the lowest testing pH condition was chosen
to be at pH 1.65 to ensure the negative charge of the bacterial
medium.48 Results showed that there is a higher bacterial
attachment observed on PDMS grafted with copolymers with
PDMAEMA segment at low pH. Since, DMAEMA has a pKa of
around 7.4,49 it normally exists as a polycation in acidic
environment which contributed to promote the surface
attraction between the protonated − NH+(CH3)2 of
DMAEMA block and negatively charged bacterial surface as
suggested from past studies.32,49 Also, as the content of SBMA
increases in the copolymer, a decrease of bacterial attachment
is logically observed at low pH, consistent with the nonfouling
nature of the zwitterionic segments.
Furthermore, the possibility to detach the adhered E. coli
from the surface was investigated to show the self-cleaning
performance of modiﬁed PDMS after immersing the grafted-
materials in aqueous bath at pH 7.35 and pH 10. In Figure 7b,
immersing the samples at pH 7.35 already caused an
appreciable decrease in bacterial cell density on modiﬁed
PDMS. This might be due to the sudden decrease in surface
potential as shown in Figure 4 which resulted to the repulsive
interaction between the bacterial cell and the grafted PDMS.
Additionally, by further increasing the pH to 10, the bacterial
detachment was measured to be around 98% for PDMS
surfaces grafted with G20-S25-D55 and G20-S40-D40 (Figure
7c). However, G20-S25-D55 does not mitigate fouling as well
as G20-S40-D40 which makes it less desirable as a coating
agent for bacterial cell analysis materials. In bacterial cell
analysis, the selectivity and sensitivity of the sensor is
important which means that fouling of nontarget proteins
and cells must be inhibited. Also, G20-S40-D40 showed better
self-cleaning property compared to G20-S80. Upon immersing
the surfaces in high pH bath, the deprotonation of the
DMAEMA segments weakens and eventually annihilates the
attractive electrostatic interactions between the bacterial and
the surface, initially established at lower pH. As a result,
bacterial detachment from the surface was observed. For
G20S80, however, there is no or very little eﬀect of the pH,
since the grafted copolymer does not contain any pH-sensitive
segments. The low detachment still measured (26%) is only
Figure 8. (a) Surface morphology and (b) wettability of virgin and PDMS grafted with G20-S40-D40 and G20-D80 in pH 1.65 and pH 10.
due to the fact that the bacterial species that managed to
adhered to the surfaces in the ﬁrst place weakly interacted with
the material, as SBMA provided a strong hydration layer.
Removing the surfaces from the low pH medium in order to
immerse them in high pH medium caused local disturbance
(convective ﬂow) which was enough to cause the detachment
of the few bacterial species that initially adhered.
The Eﬀect of the pH on the Surface Wettability and
Morphological Changes of the Grafted-PDMS Surfaces.
AFM was used to study the changes of surface morphology of
the virgin and modiﬁed PDMS at pH 1.65 and pH 10. As
shown in Figure 8a, the surface showed tall, conelike structures
heterogeneously distributed over the entire substrate area at
pH 1.65. When the substrates were immersed in a solution at
pH 10 (above the pKa), smaller peaks, resulting from the
deprotonation of the amine groups and chain collapsing, were
visible on the modiﬁed surfaces. The AFM images indicate that
the G20-S40-D40 and G20-D80 undergo signiﬁcant structural
changes, as a result of the hydrophilic/hydrophobic transition
of the DMAEMA segment. Furthermore, the water contact
angle at pH 1.65 was measured at 86.4° (±1.6) on the rough
G20-S40-D40-grafted surface (RMS = 8.05) and increased to
104.2° (±1.3) on the ﬂatter G20-S40-D40-grafted surface at
pH 10 (Figure 8b). Increasing the roughness of a surface
enhances air entrapment, and so, leads to an increase in WCA.
A reverse trend was clearly seen here, which implies that the
change of pH strongly aﬀected the polymer chains organization
(chain collapsing versus chain spreading) and, as a result, the
polymer−water interactions. More precisely, ionization of
PDMAEMA segment is a key factor to consider here. In low
pH, the tertiary amine of DMAEMA accepts a proton which
leads to the formation of ionic bonds with water.50 This leads
to the polarization of the protonated tertiary amine which
results to wetting of the surface grooves of grafted PDMS
surface causing it to become more hydrophilic. Likewise, the
tertiary amine will donate a proton in high pH which causes
the deprotonation of the DMAEMA segment and promoting
hydrophobic interaction with the water droplet, thus prompts
the formation of air pockets between the grooves. The ionic
interaction between the protonated tertiary amine and water
has shown to provide better hydration in acidic conditions,
despite exhibiting higher surface roughness (Figure 8a). As a
result, the change in morphology arising from the change in
surface chemistry will aﬀect the amount of adhered bacteria on
the surface, which can be rationalized as follows. The AFM
images of G20D80- and G20-S40-D40-grafted surface show
distinct topography. In Figure 8a, it is seen that the surface
roughness of G20-D80-grafted surface at pH 10 is higher than
that of G20-S40-D40-grafted surface. Surface topography and
roughness inﬂuence the interactions with bacteria, as reported
by Lorenzetti et al., who evidenced that bacteria preferentially
deposited within the valleys of macroscopic grooves while
microscopic grooves decreased the contact area between the
bacteria and the coating, hence preventing bacterial adhe-
sion.51 The groove density on the G20-S40-D40-grafted
surface appeared to be higher than on the G20-D80-grafted
surface, with smaller indents (smaller roughness coeﬃcient),
which decreased the possibility of bacterial physical entrap-
ment on G20-S40-D40-grafted surface, while bacteria could
more readily interact within the wide grooves of the G20-D80-
grafted surface. This explains why the amount of bacteria
released from G20-D80-grafted surface was less than from the
G20-S40-D40-grafted PDMS. Furthermore, the addition of
PSBMA segment enhanced the hydrophilicity of G20-S40-
D40-grafted PDMS compared to G20-D80-gratfed PDMS.
This also importantly contributes to the higher amount of
released bacteria from G20-S40-D40-grafted PDMS. Finally,
results also suggest that when exposed in basic conditions,
PSBMA segment became more apparent after the collapse of
DMAEMA segments, further contributing to the release of
adhering bacteria from the surface.
■ CONCLUSIONS
In this study, a self-cleaning PDMS surface grafted with
poly(GMA-co-SBMA-co-DMAEMA) with antifouling and pH-
sensitive properties was prepared and characterized.
We ﬁrst introduced a novel copolymer composed of
anchoring glycidyl methacrylate (GMA) segments, antifouling
sulfobetaine methacrylate (SBMA) segments, and pH-
responsive 2-(dimethylamino)ethyl methacrylate (DMAEMA)
segments, poly(GMA-co-SBMA-co-DMAEMA), capable of
reversibly switching from positively to negatively charged
with pH modulation.
Copolymers with a varying composition were grafted onto
PDMS surfaces, and surface wettability as well as their
biofouling by proteins and blood cells, and their self-cleaning
properties were scrutinized. PDMS grafted with G20-S40-D40
polymer was able to allow the attachment of bacteria and their
detachment from the grafted surface material by exhibiting
both antifouling and pH-sensitive properties.
The reversible hydrophilic/hydrophobic transition of grafted
PDMS was shown to be pH-dependent. Immersing the
samples in acidic conditions resulted in the protonation of
the tertiary amine in DMAEMA, which promoted polarization
with water. This in turn induced ionic interactions with water
droplet on the surface grooves and thereby enhanced the
surface wettability. This reversible pH-dependent wettability
behavior is thought to be responsible for bacterial attachment/
release, although further cyclic biofouling tests are still
necessary to further evidence the reusability of the materials.
Manipulating the pH gradient allows to control the bacterial
attachment on and their detachment from poly(GMA-co-
SBMA-co-DMAEMA)-grafted PDMS surfaces, which oﬀers an
opportunity for the development of smart reusable biomaterial
interfaces for bacterial sensing devices.
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